Both an unreinforced Al 2 O 3 /Al matrix and a α-Al 2 O 3 particulate reinforced composite have been produced by the oxidation of an Al surface doped with NaOH in the absence of any other dopant. Fabrication of the matrix was initiated by the formation of NaAlO 2 , which provides a favorable surface structure for the matrix formation by breaking the protective Al 2 O 3 layer on Al. During the matrix growth, the external surface of the growth front was covered with a very thin sodium-rich oxide. A cyclic formation process of the sodium-rich oxide on the growth surface was proposed for the sodium-induced directed metal oxidation process. This process involves dissolution of the sodium-rich oxide, motion of Na to the growth front, and re-formation of the oxide on the surface. Near-net-shape composites were fabricated by infiltrating an Al 2 O 3 /Al matrix into a α-Al 2 O 3 particulate preform, without growth barrier materials. The infiltration distance increased almost linearly in the NaOH-doped preform.
Introduction
number of reaction-based processes have been developed for ceramic-metal composites: reaction bonded silicon nitride (RBSN), 1) silicon carbide (RBSC), 2) Al oxide (RBAO), 3) and direct metal oxidation (DIMOX: trade mark of Lanxide Co., Newark, DE). 4) The DIMOX process, one of the most promising methods for preparing ceramic-metal composites, has many advantages such as low cost and the realization of net or near-net shape without limitations on size and shape. The final product has a unique microstructure yielding a continuous ceramic matrix with an interpenetrating three-dimensional network of metal channels. In addition, this process offers the ability to produce composites with particulate or fiber reinforcement without disturbance or rearrangement or favorable structural properties. Most previous studies on directed oxidation processes of Al alloys have focused on Mg-containing alloys, especially Al-(Mg, Si). [5] [6] [7] More recently, some works have reported that other dopants such as sodium and lithium source can initiate Al 2 O 3 /Al composites by directed oxidation, even when used as a surface dopant without any other dopants. [8] [9] [10] These dopants have similar properties with Mg, including that the dopants form an oxide product at the reaction surface and that the vapor pressure is very high at reaction temperature. Although the reaction mechanism has been relatively well characterized in Mg-containing Al alloys, little research has been reported on the reaction mechanism or on the formation of a thick and uniform composite by other dopants. The objective of the present study was to attain a general understanding of the DIMOX process by investigating the sodium-induced growth mechanism, with comparison to Mg-containing directed oxidation of an Al alloy. The possibility of obtaining near-net-shape particulate composites was also evaluated by infiltrating an Al 2 O 3 /Al matrix into an Al 2 O 3 preform.
Experimental Procedure
Two kinds of oxidation experiments were carried out using 99.9 wt% purity Al and reagent grade NaOH as a surface dopant: (1) Al 2 O 3 /Al matrix formation into free space was conducted using a thermobalance (TG 92-18, SET-ARAM Scientific and Industrial Equipment, Caluire, France) and (2) the formation of near-net-shape composites was conducted in a horizontal alumina tube furnace by the infiltration of an Al 2 O 3 /Al matrix into a α-Al 2 O 3 particulate preform.
2.1. Sample preparation for Al 2 O 3 /Al matrix For the oxidation kinetic experiments, pure Al was machined into an appropriate disk shape (6 mm φ × 5 mm). The reaction surface of the specimens was polished with 1000-grit SiC paper and ultrasonically cleaned in ethanol. The polished surface was doped with NaOH, varying the doping amount in a range of 1-60 mg/cm 2 . To obtain a more A uniformly doped surface, granular-type NaOH was crushed into powder. The doped specimens were placed in high purity alumina crucibles (7 mm inner diameter × 20 mm high) and loaded in a thermobalance. particulate preform (10 × 5 × 20 mm) was prepared by a conventional uni-axial pressing procedure using 40 μm α-Al 2 O 3 powders. The preform (~ 45 vol %) was placed on a NaOH-doped Al compact prepared from Al powders. A similar NaOH-doping procedure was conducted on an Al compact. The growth or infiltration of the Al 2 O 3 /Al matrix into the Al 2 O 3 preform was directly observed through a quartz window fitted at the end of an alumina tube and recorded with a camera, and the infiltration distance into the preform was measured from photographs.
The microstructure of the oxidized composite was examined by optical microscopy, SEM (scanning electron microscopy, Philips, XL-30), and XRD (X-ray diffractometry, Rigaku, D/MAX-RB X-ray diffractometer). AES (Auger Electron Spectroscopy, Perkin Elmer, SAM4300) and WDS (Wavelength Dispersive Spectroscopy, Philips, XL-30) analyses were conducted for an elemental analysis.
Results

Oxidation behavior and microstructure
The weight variations of pure Al surface-doped with NaOH are presented in Fig. 1 . The weight increase begins at about 900 o C and continues until exhaustion of molten Al at an approximately constant rate with no incubation period. The saturated weight gain, which means the maximum conversion of Al to Al 2 O 3 under given conditions, tends to increase with temperature in the range of 900
The saturated weight gain also depends on the amount of NaOH doping, as shown in Fig. 2 . At a low NaOH doping level (1~3 mg/cm 2 ), the oxidation stopped before complete exhaustion of the metal pool. However, at a high doping level over 10 mg/cm 2 , the oxidation continued until complete exhaustion of the metal pool. The value of saturated weight gain is similar to that reported for Mg-controlled directed oxidation of an Al alloy with a specific weight gain of about 80 wt%. However, the Na-induced oxidation behavior shows a much lower oxidation initiation temperature and a faster growth rate for the Al 2 O 3 /Al matrix than those reported in a Mg-containing Al alloy.
4) The oxidation can be initiated even at a very low doping level of Na, but a minimum level, considered to be around 10 mg/cm 2 in the present experimental range, would be needed to sustain oxidation until complete exhaustion of the metal pool. The micrograph reveals that the matrix grows into the preform and continues growing not only into the Al 2 O 3 preform but also on the crucible wall. Consistent observations of matrix growth on the crucible wall were made, although different extents of wall coverage were found. Similar observations were reported in the case of Na-induced directed oxidation.
8)
Matrix growth on the crucible wall was found in some Mgcontaining Al alloy specimens, but the extent was very small and not severe, as shown in Fig. 3(a) . The growth on the wall appears to proceed by wetting between the wall and molten metal. The XRD analysis (Fig. 4) shows that the Al 2 O 3 reaction products were oriented with the c-axis parallel to the growth direction: the Al 2 O 3 product in the perpendicular and parallel plane consisted of crystallographic planes that are nearly parallel to the basal plane and pyramidal or prismatic planes respectively. This preferred orientation of the oxidation product has been reported in magnesium-containing Al alloys. 13) These observations indicate that Na-driven oxidation behavior is very similar to that of the magnesium-containing Al alloy, implying an analogous growth mechanism. Figure 5 presents information on the evolution of the surface oxide layers formed from NaOH-doped Al during the early stage of oxidation. At low temperature (800 o C), the surface layer is only composed of sodium aluminate (NaAlO 2 ). However, when temperature increases (900-1000 o C), a mixed phase (Al 2 O 3 and NaAlO 2 ) appears at the surface layer, and the X-ray peaks related with NaAlO 2 disappear at high temperature. A similar trend was also found as the reaction time increased under constant reaction temperature (900 o C). Elemental maps of near-surface cross sections and top views of the surface oxide layer show that most of the surface is covered by NaAlO 2 with alumina beneath (Figs. 6(a) to (c) ), and some of the alumina evolved to free surface (Figs. 6(d) to (f) ). However, at longer reaction time and higher temperature, the Na-rich surface oxide was thinner, to the extent that observation is not easy with SEM or X-ray diffractometry, as illustrated in Fig. 5 . The AES analysis, which was conducted on the external surface of the Al 2 O 3 /Al matrix formed from NaOH-doped Al at 900 o C for 10 h, indicates that the external layer consists of Na, Al, and O (Fig. 7) . Although the quantitative composition analysis of the elements may present some error because of the rough and irregular reaction surface, the calculated concentration of Na was about 4 at%. In addition, the depth profile of Na concentration as a function of sputtering time showed that the Na concentration decreased with time. These results indicate that the change of surface layer is closely associated with the Al 2 O 3 /Al matrix formation and growth, and that a very thin Na-rich oxide is feasible as an layer during the growth of an Al 2 O 3 /Al composite induced by Na.
Growth into Al 2 O 3 preform
Growth of the Al 2 O 3 /Al matrix into a porous preform was carried out. The Al 2 O 3 preform prepared from 40 mm-Al 2 O 3 particles was placed on an Al compact formed from Al powder, with NaOH dopant between the preform and the compact. Two kinds of preforms were used: a pure Al 2 O 3 preform and a NaOH-doped Al 2 O 3 preform. The matrix growth (or infiltration) into the preform as a function of processing time is shown in Fig. 8 . The infiltration rate tends to increase at higher temperature. However, the matrix tends to grow on the Al 2 O 3 preform surface rather than infiltrate the preform, especially above 1050 o C. The preform treatment also affects matrix infiltration into the preform. The infiltration distance increased linearly in the NaOH-doped preform, whereas the non-doped preform shows a decreasing infiltration rate with processing time. The infiltrated composite had approximately the same size as the preform, as shown in Fig. 9 . The near-net-shape composite was fabricated by the aid of the Na source only, with no other dopant and no growth barrier. The microstructure of the resulting composite ( Fig. 9(d) ) implies that the matrix infiltration proceeds by enhanced or reactive wetting. There was little difference in microstructure according to preform type i.e., pure or NaOH-doped Al 2 O 3 particulate preform. Matrix climbs up on particles at the growth front was also reported in a SiC particulate reinforced composite formed from a Zn-containing Al alloy, by the reaction between the Al alloy and the SiO 2 layer typically present on SiC particles.
14) However, it is clear that wetting alone cannot extend the oxidation front unless the melt is accompanied by the Na-containing surface oxide.
Discussion
Al 2 O 3 /Al matrix formation
In view of directed metal oxidation of Al or Al alloy, sodium and magnesium have similar properties such as high vapor pressure at reaction temperature and oxide formation on the reaction surface, breaking down the protective Al 2 O 3 film on the Al surface. Furthermore, a number of similarities during the directed oxidation growth induced by both elements strongly suggest that the Na-induced oxidation is analogous to the that of magnesium-controlling oxidation of Al, where cyclic formation of a thin and continuous magnesium-rich oxide layer on the growth front has been proposed as the growth mechanism.
5,6)
The formation of a Na-containing surface oxide layer is believed to be a key for understanding the directed oxidation of Al doped with NaOH. According to Na-Al-O ternary phase diagram, 15) stable ternary compounds at 1000 o K are sodium aluminate (NaAlO 2 ) and β-alumina (NaAl 11 O 17 ) in a Na 2 O-Al 2 O 3 pseudo-binary system, although the calculated temperature is slightly lower than that employed in this work. The Na solubility limit in liquid Al for a stable region of three-phase domain (Al-Al 2 O 3 -NaAl 11 O 17 ) is reported to vary from 3.8 × 10 −3 to 1.9 × 10 −1 at%. The Na content in our experiments, if the doped NaOH was completely dissolved in liquid Al, was about 7.5 × 10 −2 at%. At such low Na solubility, NaAl 11 O 17 is considered as a thermodynamically stable surface oxide layer on the growth front of NaOH-doped Al, as implicated in the AES analysis. The cyclic formation process of this non-protective oxide layer is proposed for the growth mechanism of the Al 2 O 3 /Al matrix in the NaOH-doped system. During the early stage of oxidation, the NaOH dopant will react with the protective Al 2 O 3 film existing on pure Al, forming NaAlO 2 :
If excess Na remained on the specimen surface after reaction by eq. (1) or (2), the remaining Na will react with liquid Al, forming additional NaAlO 2 as follows: At the point of time that weight gain begins, the Al 2 O 3 product will be formed by the reaction of NaAlO 2 with molten Al, releasing Na into molten Al:
The Na will move out to the reaction front and will form NaAl 11 O 17 by reaction with the subsequent supply of Al:
As the oxidation proceeds, NaAl 11 O 17 will react with molten Al to produce the Al 2 O 3 product:
The Na will move out to the external surface through the NaAl 11 O 17 layer to reform new NaAl 11 O 17 . However, Na diffusivity is much faster than that of Al in NaAl 11 O 17 , and thus Na 2 O could be formed on the reaction surface for a while. But the subsequent supply of Al will transform Na 2 O into NaAl 11 O 17 :
Although some Na may evaporate because of the high vapor pressure of the Na 2 O at the reaction temperature, this cyclic oxidation process sustains directed oxidation of Al doped with NaOH.
Growth into Al 2 O 3 preform
A few derived equations for melt infiltration into porous preform have revealed that infiltration distance shows a square root dependence on time. 16, 17) However, the present work does not follow this relationship in the case of using a NaOH-doped perform, which shows linearly increased infiltration distance with time.
The linear infiltration behavior is obviously related to the NaOH dopant on Al 2 O 3 particles. In order to elucidate the effect of NaOH doping on the Al 2 O 3 preform, the doped particles were only heat-treated for 30 minutes at 900 o C without Al. The resulting phase confirmed by X-ray diffractometry as NaAlO 2 and Al 2 O 3 , indicating that the doped NaOH reacted with Al 2 O 3 to form NaAlO 2 at the surface. In such circumstances, when molten Al infiltrates the preform, the Al will wet and react with the NaAlO 2 formed on Al 2 O 3 particles. This reaction will lead to the formation of a Narich oxide instead of protective Al 2 O 3 on the molten Al surface, which eventually results in intrinsic wetting between Al 2 O 3 particles and Al. Although a comprehensive explanation is not available yet and is beyond the scope of this paper, it is believed that this reactive wetting promotes infiltration of the Al 2 O 3 /Al matrix into the perform, and the infiltration rate increased linearly. On the other hand, in the case of using a pure Al 2 O 3 preform, a NaAlO 2 phase may also be formed on Al 2 O 3 particles present in the non-infiltrated region by reaction with the evaporated Na source from the NaOH doped on Al and may induce enhanced wetting. However, the extent is negligible when compared with that formed on the NaOH-doped preform, and thus linear infiltration of the Al 2 O 3 /Al matrix is not likely.
Conclusions
Al 2 O 3 /Al composites with and without particulate reinforcement have been fabricated by directed metal oxidation of an Al surface doped with NaOH in a temperature range of 900-1200 o C. The oxidation behavior was initiated by the formation of NaAlO 2 , revealed no incubation period, and was sustained until complete exhaustion of the metal pool above the minimum doping level, which was around 10 mg/ cm 2 . The Al 2 O 3 product was oriented with its c-axis parallel to growth direction. The microstructure and Na-induced growth behavior were very similar to those reported for magnesium-containing Al alloy, which implies similar growth mechanism. During the bulk growth, the surface oxide layer appears to be covered by a very thin Na-rich oxide, likely NaAl 11 O 17 . A cyclic formation process of the Narich oxide was proposed for the Na-induced growth mechanism.
A near-net-shape composite could be fabricated by infiltration of the Al 2 O 3 /Al matrix into the Al 2 O 3 particulate preform. Matrix infiltration into the NaOH-doped preform was promoted by the strong wetting behavior. Although the resulting composite has some large pores in the particulate composites, this process has potential to fabricate unidirectional Al 2 O 3 fiber reinforced composites based on the simple pore geometry in the fiber preform.
